Seventeen paragangliomas were identified in a retrospective review of 200 NTP/NCI carcinogenicity studies in F344/N rats that served either as control or treated animals. Most tumors were grossly visible and located in the retroperitoneum adjacent to the vertebrae and aorta near the kidneys. Three microscopically detected paragangliomas were found at the base of the heart. Microscopically, neoplastic cells were in nests separated by reticulin fibers and capillaries. Argyrophil granules were in the cytoplasm of the retroperitoneal and mediastinal paravertebral tumors. Dense granules were found in the one tumor examined ultrastructurally. Some tumors had areas of necrosis and tumor emboli were present in the lumen of the abdominal aorta and vena cava adjacent to the tumor with metastases present in pulmonary vessels. The incidence of retroperitoneal neoplasms was 3 times more frequent in male than in female F344/N rats.
The mammalian paraganglion system is comprised of autonomic ganglia distributed symmetrically and segmentally in the para-axial region throughout the thoracic and abdominal cavity. 8 This system which is often subdivided on the basis of anatomic distribution includes branchiometric, intravagal, aorticosympathetic (organs of Zuckerkandl), and visceral-autonomic paraganglia.8 Histologic features of the various paraganglia are fundamentally similar and consist of discrete aggregated collections of neurons along the central axis ofthe body. 8 The axons of each neuron synapse with similar neurons elsewhere in the paraganglion system and function as part of the autonomic system. 8 In the rat, the presence of the aortic body and carotid body paraganglia belonging to the brachiometric system in the neck and media~tinum,~.~~.~~.~'.~~ or of the preaortic sympathetic paraganglia in the abdominal a~r t a ,~,~,~~ and of the intravagal paraganglia in the gastro-esophageal region4,15,17 has been reported. Neoplastic proliferations of the various paraganglia are called paragangliomas. These neoplasms can occur in the adrenal medulla, aortic body, or anywhere along the paraganglion system. 8 Paragangliomas are relatively uncommon in the rat7.9.1 1.24-25 except for the female WAG/Rij strain, in which they are found in nearly 6% of aging animals. 26 Most of the paragangliomas previously reported in the rat were found in the aortic body; reports of paragangliomas in the abdominal cavity are rare and include no histological
The present study describes the pathologic feature of paragangliomas in the F344/N rat and documents the tendency for these tumors to occur in the retroperitoneum. It is suggested that some abdominal paragangliomas in rats may arise in the organs of Zuckerkandl.
Materials and Methods
In 200 National Cancer Institute/National Toxicology Program (NCI/NTP) 2-year carcinogenicity studies conducted between 1972 and 1985 over 30,000 male and 30,000 female F344/N rats served as control or treated animals. Paragangliomas were found in 17 F344/N rats from these studies.
The F344/N rats were produced by three different animal suppliers: Harlan Industries, Charles River Breeding Laboratories, and Frederick Cancer Research Center. These animals were maintained in the various testing facilities contracted to the NCI or NTP. General conditions such as housing and feeding during the studies have been described elsewhere.9 Neoplasms were found in seven control animals. Of ten treated rats with paragangliomas; six received different test chemicals while of the remaining four rats, two were treated with anilazine and the other two were exposed to chrysotile asbestos fibers.
Most studies involved 104-week exposure and survivors were 112-1 18 weeks of age at terminal sacrifice. The oral asbestos exposure was a lifetime study. Rats were necropsied when found dead or moribund or at terminal sacrifice under the supervision of the study pathologist. Tissues were removed from the carcasses and fixed in 10% neutral buffered formalin. The tissues were trimmed, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (HE). Histopathological examination included all gross lesions and approximately 43 routine tissues.
Study pathologists at the various testing facilities did the histopathological examination of the animals and all tumor diagnoses were verified by an independent quality assurance pathologist. We reviewed all cases in our data base which were diagnosed either as paragangliomas or as hyperplasias involving paraganglionic tissue. As a result of this review, we found only 17 primary paragangliomas in over 60,000 F344/N rats. Nine of the 17 tumors had sufficient material for special stains including Masson's trichrome, reticulin stain of Gomori, periodic acid-Schiff's reaction, and the modified Grimelius stain for neurosecretory granules. One tumor had fixed material judged suitable for electron microscopy. Small pieces of this tumor were washed in tap water, refixed with 2.5% glutaraldehyde and then with 4% osmium solution, embedded in Epon, sectioned 100 nm in thickness and observed under an Hitachi H-12 electron microscope. In order to document the presence of abdominal paragangliomas and the location of the organs ofzuckerkandl, 1 -dayold F344/N rats were subjected to a careful gross dissection of the abdominal aorta and small pieces of the aorta and adjacent tissue were fixed in glutaraldehyde, embedded in Epon, sectioned at 1 pm, stained with toluidine blue and examined histologically.
Results
Of the 17 paragangliomas, 12 occurred in male and five in female F344/N rats. The tumor incidence was approximately 0.03% in males and 0.0 1% in the female F344/N rats. The male F344/N rats were an average of 105 weeks old at the time of necropsy (range 75 to 139 weeks) and the female F344/N rats were 1 15 weeks (range 106 to 128 weeks) ( Table 1) .
All abdominal paragangliomas were grossly visible. Tumor masses were solitary, round to elliptical, and varied from 5 x 5 x 5 mm to 20 x 15 x 10 mm. Tumors were red to reddish-black and were distributed along the abdominal aorta, most frequently caudal to the kidney (Fig. 1 ). Most were immediately ventral to the abdominal aorta. However, two paragangliomas occurred between the aorta and the vertebra. While adjacent to vessels, the paragangliomas were surrounded by adipose tissue. Three tumors invaded the aorta and vena cava.
One of the paragangliomas on the ventral surface of the aorta caudal to the kidney may have arisen in the organs of Zuckerkandl (Fig. 2 ).
In the thoracic cavity two of five paragangliomas were visible grossly. One was a 10 mm round mass located on the ventral surface of the vertebra; the other was adjacent to the right auricle. Three of the microscopically detected paragangliomas were located at the base of the heart or in the auricle (Fig. 3) .
Paragangliomas varied histologically with some containing little stroma while others had abundant collagen. In the former, compact nests or packets ("Zellballen") of tumor cells were found separated by delicate reticulin fibers and capillaries (Fig. 4) . The size of the nests varied among tumors and within the same tumor but this nest arrangement was a characteristic feature. A reticulin pattern could be clearly demonstrated by Gomori's method for reticulin fibers (Fig. 5) . In a few tumors with abundant collagen (Fig. 6) , the nest pattern was still apparent. Another microscopic feature of the paragangliomas was the presence of capillaries and vascular spaces. These vascular spaces were sometimes extensive ( Fig. 7 ).
Tumor cells in the paragangliomas consisted of two populations. Predominant cells had abundant, pale or markedly eosinophilic granular cytoplasm with indistinct cell boundaries. Nuclei were central, oval, vesicular, and had fine stippled chromatin. The other population of tumor cells were small and elongated with deeply eosinophilic cytoplasm and hyperchromatic, oval nuclei. These cells were found in small numbers in most tumors. Mitotic figures were rare in most cases; only one paraganglioma had a moderate mitotic rate. In many cases normal-appearing ganglia were found adjacent to the tumors, but in two cases ganglion-like cells were found within the tumors. In both, there did not appear to be a transition from normal ganglia to tumor cells, but ganglia were trapped within the growing paraganglioma ( Fig. 8) .
Of the nine paragangliomas stained with the modified Grimelius stain, four were clearly positive with disseminated pin-point, black granules in the cytoplasm ( Fig. 9 ) and five reacted weakly. Tumor cells in all cases were negative for periodic acid-Schiff s reaction.
Two paragangliomas contained dilated vascular spaces. In one there was clear evidence of direct communication of the vascular channels with the vena cava. Necrosis was present in the central areas of six paragangliomas, and tumor cells were frequently invading the tunica adventitia of the abdominal vein. In three cases tumor cell emboli were in the lumen of the abdominal aorta, abdominal vena cava, or in small blood vessels. Pulmonary metastases were found in a small vessel in five rats (Fig. 10) .
The one paraganglioma examined ultrastructurally (case 12) consisted primarily of chief cells; satellite cells were not recognized in the sections studied. The chief cells were divided into light and dark cells based on the electron density of the cytoplasm. Most of the chief cells were light ( Fig. 1 1) . The light chiefcells had spherical to fusiform nuclei with sparse chromatin and a single nucleolus; dense granules surrounded by a smooth membrane, multiple profiles of endoplasmic reticulum, and microtubles were throughout the cytoplasm. By light microscopy, the tumor cells contained prominent cytoplasmic argyrophilic granules when stained with a modified Grimelius method. The dark chief cells could be distinguished from the light chief cells by the more abundant dense cytoplasmic granules in the former.
In addition to the paragangliomas, naturally occurring neoplastic and non-neoplastic lesions were found in these rats. The most common concurrent form of neoplasia was the interstitial cell tumor of the testis which was present in eight of 12 males, while the most common non-neoplastic lesions were mild nephropathy and interstitial myocarditis.
Discussion
In humans, nearly 95% of paragangliomas are found in the neck and mediastinurn.* The carotid body is the most frequent primary site. Other common sites of origin are the aortic body and glomus jugulare. In dogs paragangliomas have been reported in the aortic body and carotid body2.I2.l3 with the aortic body being the most common site. The aortic body is also the primary site of paragangliomas found in the rat,9.25.26 especially the WAG/Rij strain. 26 In F344/N rats, however, 12 of the 17 paragangliomas occurred in the retroperitoneum, four in the aortic body, and one in the mediastinal vertebra, for a relative distribution of 7 1,23, and 6%, respectively. The lack of paragangliomas in the area of the carotid body in our series may be related to the fact that this area is not routinely examined microscopically and small tumors may be missed. Three of the five tumors that were documented in the thoracic cavity were found on microscopic examination only. In the rat the paraganglia in the thoracic cavity appear not to be compact structures but may have a more diffuse di~tribution.~ Since the carotid body is the largest paraganglion in the rat,22 it was surprising not to find any carotid body tumors in our series.
In the abdominal cavity there are a large number of paraganglia present on the ventral aorta, and the 12 retroperitoneal paragangliomas documented in this study occurred adjacent to the abdominal aorta near the kidney. The location of the tumors in the present study corresponds well with the normal distribution of paraganglia in the rat. Moreover, eight of the 12 tumors occurred on the ventral surface of the abdominal aorta. Their proximity to the kidney suggests that the organs of Zuckerkandl might be the site of origin. In humans the aorticosympathetic paraganglia known as the organs of Zuckerkandl are prominent in the fetus and newborn and may be visible grossly.8 Tumors arising in this site may be functional, having nonadrenal pressor activity.* The organs of Zuckerkandl have been described in the rat,6 and the prominent abdominal paraganglia that we found in the newborn rat are thought to represent these organs. Paragangliomas in the abdominal cavity of rats have been reported;' however, the exact locations of these tumors were not given.
The histopathological features of the paragangliomas in the F344/N rat were quite characteristic and generally should not present a diagnostic problem. The cells were uniform and occurred in nests or packets that were separated by reticulin fibers and capillary spaces. This pattern is similar to that of normal para- Fig. 6 . Paraganglioma, abundant collagen and nests of tumor cells. HE. Fig. 7 . Nests of tumor cells separated by prominent vascular sinusoids. HE. Fig. 8 . Ganglionic-like cells (arrows) within a paraganglioma. HE. Fig. 9 . Fig. 10 . Pulmonary metastasis in a small vessel adjacent to a bronchus (B). HE. malin-fixed specimen) ( x 5,400). ganglia in rats, and these tumors resemble chemodectomas and paragangliomas previously described in the rat and other species. The tumor cells had prominent cytoplasmic granules when stained by the modified Grimelius method. One tumor examined ultrastructurally contained light and dark cells with dense cytoplasmic granules.' The granules were similar to those in the normal and neoplastic paraganglion cells. 8.21 In humans pheochromocytoma of the adrenal gland and islet-cell tumor of the pancreas are sometimes misdiagnosed as paragang1iomas.l' The C-cell tumor of the thyroid gland in the rat also needs to be distinguished from paragangliomas. In our review we found several thoracic tumors diagnosed as paragangliomas that, upon closer observation, were shown to be C-cell tumors involving ectopic thyroid tissue. In these tumors the cells did not form distinct nests or packets as was seen in the paragangliomas. An additional helpful feature when present, is remnants of follicular epithelium in the C-cell tumors. Ultrastructural features can also be helpful in distinguishing C-cell thyroid tumors from paragangliomas.1.2 There may be a problem distinguishing islet-cell tumors which are large and isolated from the pancreatic parenchyma from abdominal paragangliomas. However, most islet-cell tumors have pancreatic acinar cells or duct elements within or adjacent to the tumor. In addition, cells of islet-cell tumors tend to form insular, ribbon, and acinar patterns.
In humans the malignancy of a paraganglioma is an important consideration. The presence of mitotic figures and of vascular invasion may be associated with a poor prognosis. Tumor location is also important. Paragangliomas occumng in an extra-adrenal retroperitoneal site have the highest incidence of malignant behavi0r.l' In rats, local invasion by aortic body paragangliomas without distant metastases has been reported. 26 In the present study, six of the 12 abdominal paragangliomas contained moderate to extensive tumor necrosis; five of these also had pulmonary metastases. Pleomorphism and mitotic figures were not prominent. Therefore, necrosis and metastases are valid criteria for malignancy of rodent paragangliomas.
Enlargement of the carotid body may mimic paragangliomas. The carotid body enlargement in humans and animals living in high altitudes was suggested to represent the extreme degree of hyperplastic response of chemoreceptor tissue to prolonged and severe hypoxia. 19. 23 Carotid body enlargement is known to occur in rats kept in hypobaric chambers,19 and in spontaneously hypertensive rats of the Okamoto strainlo The WAG/Rij rat has a high incidence of aortic body tumors,26 but predisposing factors that could account for the tumor rate were not found. 26 Paragangliomas are reported to occur in dogs with interstitial cell tumors ofthe testis.I6 In this study, eight of 12 F344/N male rats with paragangliomas had interstitial cell tumors, the most common neoplasm in male F344/N rats. I I No specific relationships between the development of paragangliomas and naturally occurring lesions in rats were found. Sex predisposition has been suggested for paragangliomas of dogs and rats. 12.26 In the dog, the tumors occurred 1.8 times more frequently in males than in females. Conversely, in the WAG/Rij strain the aortic body lesions were more common in the females. The incidence of abdominal paragangliomas in F344/N rats was higher in males than in females.
